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ed highly dispersed platinum–
copper nanocatalyst with good dehydrogenation
performance for perhydromonobenzyltoluene as
a hydrogen carrier†

Qiuyue Ding,a Yixuan Zhang,b Huijie Wei,b Qing Li,b Yanyan Xi,c Songqing Hu*a

and Xufeng Lin *bd

Precious metal catalysts are widely used in the field of heterogeneous catalysis in general and, in particular,

for the dehydrogenation process of liquid organic hydrogen carriers (LOHCs). However, improving their

catalytic activity and selectivity simultaneously is challenging owing to the characteristics of transition

metals. Herein, a catalyst, namely, Pt2.5Cu0.1/Al2O3-H2, was developed that could break the negative

correlation between catalytic activity and selectivity, improving the overall dehydrogenation performance

and reducing costs. This method achieved highly dispersed nanoparticles (NPs) and co-localization to

form a unique PtCux alloy with reduced Pt electron density by anchoring low loadings of Cu-doped Pt

on an alumina support. It also suppressed strong metal support interactions (SMSIs), as confirmed by

characterization results such as XPS and HRTEM, resulting in excellent bimetallic synergistic catalytic

dehydrogenation activity and selectivity in perhydromonobenzyltoluene (12H-MBT), compared with

Pt2.6/Al2O3-H2. The reaction energy barrier for the dehydrogenation of 12H-MBT was relatively low

(∼94 kJ mol−1), and the rate-determining step of the whole catalytic dehydrogenation was identified to

be 4H-MBT / 0H-MBT.
Introduction

As the global community confronts dual challenges of decar-
bonization and energy security optimization, it is urgent to
explore renewable and environmentally friendly clean energy
sources. Hydrogen energy is believed to have a signicant role
in the future energy systems.1,2 Safe and effective storage is one
of the most critical factors restricting the development of
efficient hydrogen utilization. Various hydrogen storage tech-
nologies have been widely studied, such as the high-pressure
gaseous hydrogen storage, low-temperature liquid hydrogen
storage and solid material hydrogen storage technologies.
However, they still have their own drawbacks in the long-
distance and large-scale hydrogen transportation,3 and the
method based on liquid organic hydrogen carriers (LOHCs)
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can be a solution to this problem. With the LOHC-based
method, reversible catalytic hydrogenation/dehydrogenation
reactions of oil-like compounds can be carried out under
mild conditions,4 endowing the advantages of high hydrogen
storage capacity, good safety, and compatibility with the
existing fuel infrastructure.5 At present, various LOHCs have
been extensively studied, such as cyclohexane, methyl-
cyclohexane (MCH), and dibenzyltoluene (DBT). These LOHCs
have standard hydrogenation preparation technologies and
are used at an industrial level. However, there are some
limiting factors in dehydrogenation, such as slow hydrogen
evolution kinetics rate, high dehydrogenation temperature,
and low selectivity.6–8 Monobenzyltoluene (0H-MBT), having
lower viscosity than DBT, has huge potential in hydrogen
storage application. In addition to its large theoretical
hydrogen storage capacity (6.17 wt%), it has the characteristics
of a suitable dehydrogenation temperature (below 563 K), low
volatility, safety and non-toxicity.9

The key to improving the competitiveness of the MBT-based
hydrogen storage technique is to solve the problems of high
dehydrogenation temperature, side reactions, and poor
stability. To date, precious metal catalysts, such as Pt, Pd, and
Ru, have been conrmed to be effective in the dehydrogenation
process of common aromatic compounds.10–12 Especially, Pt-
based catalysts have good potential in improving the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dehydrogenation performance of 12H-MBT. For example, Kwak
et al.13 investigated the dehydrogenation performance of
different hydrogen carriers (MCH, 12H-MBT, and 18H-DBT) on
a 0.5 wt%-Pt/g-Al2O3 catalyst at 280–340 °C. It was found that
the dehydrogenation rate of 12H-MBT at 270 °C was only about
52%, while the cost could signicantly increase if high loadings
of precious metals were used. To solve the above-mentioned
problems, appropriate approaches include adding a second
metal component, changing the support and modifying the
preparation process. In terms of support replacement, the
Wasserscheid's research group14 compared the performance of
Pt catalysts using C, Al2O3, and SiO2 as supports in the 12H-MBT
and 18H-DBT systems. They found that the dehydrogenation
rate of Pt/C (5 wt%) for the former was 87% at 270 °C. However,
for 12H-MBT, relatively few catalyst improvement methods are
available for reference, which can be obtained from other
hydrogen carriers. For example, Guo et al.15 improved the anti-
coking ability of a Cu–Pt alloy formed by doping Cu into Pt/S-1,
resulting in a conversion rate of 92.26% for MCH dehydroge-
nation. Wang et al.16 prepared bimetallic PdCu/r-GO catalysts
loaded with reduced graphene oxide in different ratios. The
Pd1.2Cu/rGO catalyst achieved 100% selectivity for the nal
dehydrogenation product of N-ethylcarbazole at 453 K. The
amount of Pd was reduced by more than 60% compared to the
typical commercial and reported catalysts. Shi et al.17 also
investigated the effect of Pt/Al2O3 with surface hydroxyl groups
and surface oxygen vacancies obtained by plasma treatment on
the reversible hydrogenation and dehydrogenation reactivity of
18H-DBT. Corma et al.18 compared the effect of the Pt/NaY
zeolite catalyst samples with different metal dispersions on
the dehydrogenation efficiency of MCH. The aim was to explore
the relationship between the catalyst structure and catalytic
activity. To date, the kinetics and mechanisms of cyclic hydro-
genation and dehydrogenation of common aromatic
compounds such as MCH, 12H-NEC, and 18H-DBT have also
been relatively well deliberated.19–21 For 12H-MBT, the hydro-
genation technology is relatively well-established, and the
catalytic hydrogenation mechanism is also rather well under-
stood.22,23 However, apart from the relatively few explorations on
catalytic performance, there is also a lack of detailed research
on the mechanism of catalytic dehydrogenation. This presents
a challenge in hydrogen storage technology with respect to the
system-dehydrogenation process.

To overcome these problems, this study employed a prepa-
ration strategy of anchoring and connement of low-loading Pt-
based alumina catalysts modied with a small amount of Cu. It
achieved highly dispersed nanoscale metal particles, formed
a unique PtCux alloy and suppressed strong metal–support
interactions (SMSI).24 This strategy involved further calcination
and xation of the Pt–Cu precursor. For 12H-MBT, this catalyst
exhibited an excellent bimetallic synergistic effect on dehydro-
genation activity and product selectivity, which was superior to
the previously reported precious metal catalyst.15 The structure
of the target catalyst was systematically characterized using
high-resolution transmission electron microscopy (HRTEM)
and X-ray photoelectron spectroscopy (XPS). The reaction
mechanism, in particular, the rate-determining step of the 12H-
© 2025 The Author(s). Published by the Royal Society of Chemistry
MBT dehydrogenation, is discussed based on the characteriza-
tion and kinetic results.
Experimental section
Chemicals

Monobenzyltoluene was purchased from Hubei Xinkang Phar-
maceutical Chemical Co., Ltd and used as a hydrogenation
reactant. H2PtCl6$6H2O, imidazolidinyl urea, methanal,
ethylene glycol, sodium hydrate and dichloromethane were
purchased from Sinopharm Group Chemical Reagent Co., Ltd.
Cu(NO3)2$3H2O was purchased from Shanghai Maclin
Biochemical Technology Co., Ltd. Aluminium oxide and Ru/
Al2O3 were purchased from Shaanxi Ruike New Material Co.,
Ltd. All atmospheres used are of ultra-pure grade (>99.99%).
Catalyst preparation

Equal-volume impregnation method with hydrogen reduc-
tion post-treatment. Alumina calcined in the muffle furnace at
500 °C for 4 h was used as the catalytic support. Additionally,
0.265 g of H2PtCl6$6H2O and 0.015 g of Cu(NO3)2$3H2O were
dissolved in 3.6 ml of deionized water to form the precursor
solution of the target product. Then, the precursor solution was
added to the 4 g of roasted alumina support and subjected to
vacuum immersion for 12 hours. The above sample, aged for 1
hour, was dried at 120 °C for 2 hours, and then further calcined
at 500 °C for 4 hours. Finally, the sample was heated to 500 °C in
H2 (40 ml min−1) and reduced for 4 h. The obtained catalyst was
denoted as Pt2.5Cu0.1/Al2O3-H2 (the subscript numbers repre-
sent weight percentages, wt%). Similarly, the metal ratio was
varied to obtain different loadings of Pt–Cu catalysts, which
were named accordingly.

Equal volume impregnation with pre-coordination and
methanal reduction (MR). The precursor solution of the
Pt2.0Cu0.1/Al2O3-H2 catalyst was sonicated for 1 hour during the
preparation process, then an appropriate amount of imidazo-
lidinylurea (with the same molar amount of metal) was added.
Aer drying the above samples, add the following solution and
reduce them at 75 °C for 4 hours. The solution treatment
process was as follows: 60 ml of formaldehyde was added to
a solution mixed with 40 ml of ethylene glycol and 40 ml of
deionized water, and the pH value was adjusted to about 11 by
adding 0.1 mol per L NaOH. Finally, the Pt2.5Cu0.1-Al2O3-MR
catalyst was obtained, and similarly, other catalysts with
different metal ratios were also be prepared.
Catalyst characterization

The sample composition and crystallinity data were obtained
using the D8 Advance XRD X-ray powder diffractometer. The X-
ray source was tested under the conditions of a Cu target (40 kV,
40 mA, l = 0.1541 nm), ranging from 4.5° to 90°, step size of
0.02° and operating power of 2.2 kW.

The specic surface area, pore volume, and maximum pore
size of the sample catalysts were analyzed using the Micro-
meritics ASAP 2460 BET automatic adsorption instrument. It
RSC Adv., 2025, 15, 10700–10710 | 10701
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was tested using high-purity nitrogen in a liquid nitrogen ultra-
low temperature environment.

High-resolution transmission electron microscopy (HRTEM)
imaging analysis was performed on the samples using the JEOL
JEM-F200 electron microscope, Japan.

The morphology of the samples was analyzed using SEM-
EDX on the German ZEISS GeminiSEM 300 ultra-high resolu-
tion eld emission scanning electron microscope. The energy
spectrum mapping tests were operated using an energy spec-
trometer (Smartedx) to observe the element distributions and
contents.

The X-ray photoelectron spectroscopy (XPS) test required
the use of the American Thermo Scientic K-Alpha X-ray
source. Aer taking the appropriate amount of the sample
and pressing it onto the sample disk, the sample was placed
into the sample chamber. When the pressure in the sample
chamber was less than 2.0 × 10−7 mbar, the sample was tested
at a spot size of 400 mm, working voltage of 12 kV and lament
current of 6 mA. Eventually, the peaks in the spectrum ob-
tained from the above tests were analyzed based on the
external reference value of 284.9 eV for the C 1s peak and were
rectied for charge effects.

H2-TPD testing on the samples was performed using the
American Micromeritics AutoChem II 2920 chemical adsorp-
tion instrument. Firstly, 0.1 g of the sample was xed in a quartz
tube and preprocessed in a H2 (50 ml min−1) atmosphere at
300 °C for 2 h to dislodge the passivation behavior on the
surface of the metal particles. It was blown for 1 hour with He
(50 ml min−1) and cooled at 50 °C. Secondly, a 10% H2/Ar
mixture (50 ml min−1) was introduced for 1 h until saturation,
and the Ar air ow (50 ml min−1) was switched to blow for 1 h to
remove weak H2 physical adsorption on the surface. Finally, the
gas was desorbed at a heating rate of 10 °Cmin−1 to 600 °C in an
Ar atmosphere, and the desorbed gas was detected using
a Thermal Conductivity Detector (TCD). The CO chemical
adsorption capacity was measured by the CO pulse on the HP
chemical adsorption instrument. Firstly, 0.2 g of the sample was
placed in a U-tube reactor, reduced at 300 °C in a H2/Ar ow (50
ml min−1) for 2 h and cooled to room temperature. Then, it was
pulsed multiple times with CO (50 ml min−1) in the Ar air ow
and the chemical adsorption signal of CO was detected using
a TCD detector until there was no chemical adsorption signal of
CO. The CO chemisorption capacity was quantied through
pulse chemisorption measurements. Pt nanoparticle dispersion
was quantied via pulse chemisorption analysis.

The CO Fourier diffuse reectance infrared spectroscopy
(CO-DRIFT) was performed using a Thermo iS10 spectrometer.
The testing process was as follows: rstly, the sample was
subjected to a H2 ow (50 ml min−1) for 2 h at 300 °C before CO
adsorption. The background spectrum of the sample could be
collected when the sample was cooled to room temperature
under a N2 ow (50mlmin−1). Subsequently, the CO ow rate of
50 ml min−1 was added to the spectral cell to allow the sample
to adsorb for 30 minutes and reach saturation. Then, the
sample was cleaned continuously with N2 at a ow rate of 50
ml min−1 until the infrared signal of the sample stopped
changing and the CO-DRIFT spectra were collected.
10702 | RSC Adv., 2025, 15, 10700–10710
Furthermore, the 12H-MBT DRIFT test was conducted on
a Bruker INVENIO-S infrared spectrometer, Germany. First, the
sample was placed in an in situ cell and pretreated in an H2 ow
(50 ml min−1) at 300 °C for 2 hours to eliminate partial oxida-
tion behavior on the surface of the metal particles. Then, the
background spectrum of the sample could be collected aer
cooling the sample in N2 ow (50 ml min−1) to room tempera-
ture. Spectra were collected aer saturating the N2 mixture (60
ml min−1) containing 12H-MBT at room temperature. Then, the
sample was heated at a rate of 5 °C min−1 to the given
temperature (220, 230, 240, 250, 260 °C) for 180 seconds before
sequentially collecting the corresponding spectral signals. All
spectra required background subtraction to highlight the
reaction adsorption spectral signal of 12H-MBT.
The dehydrogenation test of 12H-MBT and its reaction
kinetics

Preparation of 12H-MBT. 12H-MBT was prepared by the
complete hydrogenation of 0H-MBT. 30.0 g of MBT as the
reactant and 3.0 g of 5 wt% Ru–Al2O3 catalyst were added and
reacted with pure H2 for 2 hours in an autoclave equipped with
a mechanical stirrer. The reaction conditions were 413 K, 5
Mpa, and 600 rpm. 0H-MBT could be completely hydrogenated
to afford the product 12H-MBT ($99%) under the reaction
conditions described above.25 The elemental analysis of the
reaction product was used to further conrm the successful
preparation of 12H-MBT (C : H = 6.4 : 1).

Dehydrogenation performance of 12H-MBT. Similarly, 20.0 g
of the as-prepared 12H-MBT and 2.0 g of PtyCuz/Al2O3-H2/MR
catalysts (y and z denoted as the mass loadings of Pt and Cu in
percentages, respectively) were added to an autoclave equipped
with a condenser and a H2 gas outlet connected by a owmeter.
The above dehydrogenation reaction was carried out at 260 °C,
atmospheric pressure, and a stirring rate of 600 rpm. Similarly,
while maintaining the above reaction conditions unchanged,
50.0 g of the as-prepared 12H-MBT and 5.0 g of the Pt2.5Cu0.1-
Al2O3-H2 catalyst were reacted at different temperatures (220,
230, 240, 250, 260 °C) as the kinetic experiments. The compo-
sition of the dehydrogenation products was determined by a gas
chromatograph (Agilent 7820A) and a gas chromatography-
mass spectrometer (PE CLARUS 680 + SQ8). The release of
hydrogen was recorded by an electronic display ow recorder,
which is referenced in the experimental equipment documen-
tation and related calculation formulas.

The calculation method of some quantities of interest is
described here. The dehydrogenation performance was repre-
sented as the degree of dehydrogenation (DoD), which is related
to the degree of hydrogenation (DOH), as shown in (1) and (2),
respectively. These were dened as the ratio of the amount of
hydrogen stored in the LOHC to its maximum potential
hydrogen storage capacity of LOHC.26 Moreover, the selectivity
of the full dehydrogenation product, i.e., 0H-MBT, could be
expressed as the total degree of dehydrogenation (TDoD). The
activation energy of the apparent dehydrogenation reaction of
the system was obtained by the Arrhenius formula, as shown in
eqn (3). In eqn (3), k represents the reaction rate constant, R is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the molar gas constant (8.314 J mol−1 K−1), T is the absolute
temperature of the reaction and A is the pre factor.27 Turnover
frequency (TOF) is an important measure of the intrinsic
activity of the catalyst. It reliably reected the reaction initiation
phase.28 TOF could be expressed by formula (4), where r$AC is
the rate constant for the consumption of 12H-MBT per minute
per gram catalyst (mol min−1 gcat

−1), ntotal is the molar mass of
Pt and D is the active site dispersion per gram of the catalyst
(gcat

−1).29

DoH ¼ nH2 ;max � nH2 ;released

nH2 ;max

(1)

DoD = 1 − DOH (2)

ln k ¼ �Ea

RT
＋ln A (3)

TOF ¼ r$AC

ntotal$D
$ (4)

Results and discussion
Catalyst characterization of basic physiochemical properties

As shown in Fig. 1, modication of the Pt/Al2O3 catalyst with
a small amount of Cu doping was to achieve a low-cost catalyst
with high dispersion and small particle size. It could have
a bimetallic synergistic effect and weaken SMSI to some extent.
Extensive analyses were conducted in order to examine the
differences between the Pt2.5Cu0.1/Al2O3-H2 catalyst with the
alloy synergistic effect, pure Pt and other Pt–Cu bimetallic
catalysts. It further investigated the factors responsible for the
synergistic effect between Pt and Cu. The characterization
results of the basic physical and chemical properties of the
prepared catalyst are shown in Fig. S1, S2, Tables S1 and S2 of
the rst part of the ESI.† The characterization results closely
related to the bimetallic synergistic effect are shown below.
Characterization of the metal component properties

XPS spectroscopy was used to analyze the chemical state
changes of the Pt–Cu and pure Pt catalysts with different
Fig. 1 Schematic diagram of the Pt2.5Cu0.1/Al2O3-H2 catalyst prepa-
ration strategy process model of Al2O3 the Pt–Cu alloy NPs catalyst
under pre-treatment roasting with Cu doping with spatial anchoring
effect.

© 2025 The Author(s). Published by the Royal Society of Chemistry
preparation methods. The XPS spectra of Pt 4f and Cu 2p
(Fig. 2a and b) showed that Pt mainly existed in a metallic state
in the catalyst. The asymmetric peaks in the energy spectra with
binding energies ranging from 70.0 to 70.3 eV and 74.1 to
74.9 eV correspond to Pt. The Pt 4f5/2 binding energy (74.8 eV) of
Pt atoms in the Pt2.5Cu0.1/Al2O3-H2 catalyst was slightly higher
than that of Pt atoms in the Pt2.6/Al2O3-H2 (74.6 eV)30 and the
Pt2.5Cu0.1/Al2O3-MR (74.7 eV) catalysts. These indicated that the
addition of Cu contributed to the partial electron transfer of Pt,
which carried partial positive charges (Ptd+). In addition,
compared with Pt and Cu catalysts prepared by formaldehyde
reduction, the number of electrons transferred from Pt atoms to
Cu increased slightly, and the electron density of Pt decreased.
The electronegativity of Cu atoms was larger, making it easier to
catalyze hydrogen absorption synergistically. Due to the low
loading of Cu in both catalysts, the weak intensity peaks at the
binding energies of ∼931.6–933.7 eV and ∼952.4–953.8 eV were
attributed to the Cu 2p3/2 and Cu 2p1/2, respectively.31 Here, the
Cu 2p3/2 binding energy (931.6 eV) in Pt2.5Cu0.1/Al2O3-H2 was
lower than that of Cu 2p3/2 in the Pt2.5Cu0.1/Al2O3-MR catalyst
(933.7 eV). This further conrmed that some electrons in the Pt
atoms in the Pt–Cu catalyst had transferred to Cu atoms, which
conrmed the formation of the PtCux alloy. Moreover, the Pt 4f5/
2 binding energy (74.7 eV) of Pt atoms in Pt2.5Cu0.1/Al2O3-MR
was slightly higher than that in the Pt2.6/Al2O3-MR catalyst (74.5
eV). It indicated that the addition of Cu generated partial elec-
tron transfer between the Pt and Cu atoms as well. However,
there was no signicant electron transfer between the Pt and Cu
atoms due to the absence of hydrogen reduction aer calcina-
tion and xation. It is worth mentioning that the Al 2p binding
Fig. 2 XPS spectra of Cu 2p (a) and Pt 4f (b) on Pt2.5Cu0.1/Al2O3-H2/MR
and Pt2.6/Al2O3-H2/MR catalysts. (c and d) In situ CO-DRIFT spectra of
Pt2.5Cu0.1/Al2O3-H2 and Pt2.6/Al2O3-H2 catalysts.

RSC Adv., 2025, 15, 10700–10710 | 10703
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Fig. 3 (a) HRTEM images of Pt2.5Cu0.1/Al2O3-H2/MR and Pt2.6/Al2O3-
H2/MR catalysts. (b) Schematic structure of the Pt2.5Cu0.1/Al2O3-H2

and Pt2.6/Al2O3-H2 catalysts from left to right, corresponding to
HRTEM results, respectively.
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energy of Al atoms in Pt2.5Cu0.1/Al2O3-H2 was also higher than
that in Pt2.6/Al2O3-H2, and the intensity of the characteristic
peak was stronger. It was revealed that the addition of Cu
formed an alloy structure, which also weakened the SMSI.
Finally, the weakening effect of SMSI was more dominant than
the electronic effect between Pt and Cu, resulting in an electron
transfer between Pt and Cu.

The adsorption characteristics and electronic structure of Pt
and Pt–Cu surfaces were investigated adopting the CO-DRIFT in
situ spectroscopy at room temperature, as shown in Fig. 2c and
d. In the Pt2.5Cu0.1/Al2O3-H2 and Pt2.6/Al2O3-H2 samples, sharp
peaks centered around ∼2000–2100 cm−1 could be observed.
These corresponded to the linear adsorption of CO molecules
on the Pt (111) surface with a coordination number of 9.32,33 The
small peak extending to ∼2125 cm−1 appeared in the Pt2.6/
Al2O3-H2 sample, except for the narrow peak centered at 2067–
2075 cm−1 in the Pt2.5Cu0.1/Al2O3-H2 sample. This phenomenon
was attributed to the linear adsorption of CO molecules at the
low coordination edge and angle Pt sites and the relatively low
adsorption strength of CO on this catalyst. The above behavior
indicates that, on the one hand, Cu doped Pt catalysts increased
the Pt exposure on the surface. It resulted in a more linear
adsorption of CO molecules on the Pt (111) surface (combined
with the CO chemisorption results). On the other hand, many
studies have shown that inhibiting the adsorption of small
molecules (such as CO and H2) is the typical behavior in the
presence of SMSI.34 Meanwhile, the active center of Pt doped
with Cu suppressed the interaction between the metal and the
support (combined with XPS results). In addition, a peak
centered at 1830–1850 cm−1 appeared, proving that the
adsorption of CO in the Pt2.5Cu0.1/Al2O3-H2 and Pt2.6/Al2O3-H2

samples was low adsorption. It meant that CO molecules were
adsorbed between three Pt atoms, and the adsorption strength
of the former was lower. It was related to the partial red shi of
Pt with low coordination sites caused by a small amount of Cu
doping occupying a certain amount of high coordination sites.
These behaviors indicated that both were relatively small
particle sizes, and the former had a larger particle size, making
the CO molecule adsorption more difficult.35,36

In order to observe the interaction between the Pt and Cu
particle sizes in the Pt2.5Cu0.1/Al2O3-H2 sample, HRTEM was
conducted, as shown in Fig. 3a. Among all the samples, the
exposed surfaces of Al2O3 were mainly (110) surfaces. These
illustrated that the catalyst supports were mainly g-Al2O3.
However, the exposed surfaces of Pt and Cu clusters were
mainly (111) surfaces, which was related to the low loading of
Cu, with little exposure of crystal planes. Meanwhile, it could be
distinctly observed that numerous Pt nanoparticles (NPs) were
directly loaded onto the g-Al2O3 surface.37,38 Compared with
Pt2.5Cu0.1/Al2O3-MR, it could be seen that Pt2.5Cu0.1/Al2O3-H2

had clearer alloy metal lattice stripes and higher dispersion of
Pt and Cu particle sizes. This explained that the reduction of Pt
and Cu was more stable and SMSI was also weaker. It was
further certied that the synergistic catalytic effect of the cata-
lyst was the combined result of interactions between the co-
coordination of Pt and Cu and alloy formation (Fig. 3b). It
was conrmed in DFT calculations, and the HRTEM results
10704 | RSC Adv., 2025, 15, 10700–10710
further assisted the conclusions of XRD, BET, SEM, XPS, and
CO-DRIFT (see the XRD, BET and SEM results in Fig. S1-A, S1-B
and S1-E in ESI).†

The unique electron-transfer alloy structure of Pt–Cu in
Pt2.5Cu0.1/Al2O3-H2 could be the essential reason for the syner-
gistic effect, showing high dehydrogenation activity and strong
structural retention ability compared to the Pt2.6/Al2O3-H2

catalyst. On the other hand, the formation of a unique Pt–Cu
electron transfer alloy structure is related to the high dispersion
and nanoscale particles. This was obtained by hydrogen
reduction aer the Pt and Cu metal components are calcined
and xed. It is determined that its dehydrogenation activity far
exceeds that of the catalyst obtained by liquid-phase reduction.
In other words, adjusting the electron distribution between Pt
and Cu by varying the proportions of the bimetallic precursors
without signicantly changing the size of Pt NPs could achieve
the highly dispersed and alloyed state. Furthermore, further
calcination of the precursor on the support also further anchors
and limits the metal distribution, reducing SMSI.
Dehydrogenation performance of the Pt–Cu catalysts and the
kinetic study

As shown in Fig. 4a–c, when the Pt loading was below 2.5%, the
addition of Cu had the reverse effect. When the loading was
greater than 2.5% and Pt : Cu = 10, a synergistic effect was
observed. Also, the catalytic activity of Pt–Cu catalysts with
higher loading was signicantly higher than that of catalysts
with lower loading, requiring less reaction time. This was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hydrogen release profiles of the dehydrogenation of 12H-MBT with (a–c) the prepared Pt–Cu/Al2O3 and Pt/Al2O3 catalysts from two
preparation methods and different loading amounts of Pt with a reaction time of 6.5 h. (d) Comparison of the hydrogen release amount and (e)
degree of dehydrogenation and total degree of dehydrogenation between the prepared Pt–Cu catalysts with a synergistic effect and Pt catalysts
among the Pt2.5Cu0.1/Al2O3-MR/H2 and related pure Pt catalysts at a reaction time of 2 h. Refer the reaction conditions in Section 2.4.
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related to the number of active components. In Fig. 4d, it is
clearly seen that the appropriate addition of Cu in a short period
of time signicantly improved the catalytic dehydrogenation
performance of Pt. It further illustrated the synergistic catalytic
effect between Pt (Pt $ 2.5wt%) and Cu. The best catalytic
activity of catalyst A was selected for reactant analysis, as shown
in Fig. 4e, and the effect of the reduction method on the
dehydrogenation performance was compared. Finally, it was
conrmed that the Pt2.5Cu0.1/Al2O3-H2 catalyst could achieve
100% dehydrogenation (6.17 wt% hydrogen storage capacity),
and the degree of complete dehydrogenation was closely related
to the cracking of reactants. The above catalyst exhibited
outstanding catalytic activity for 3 hours under the above reac-
tion conditions, which can be explained as follows. On the one
hand, the addition of Cu could have a “group effect” similar to
that of additives (Re or Sn) in Pt reforming catalysts39,40 for
a lower Pt loading. It would actually have a greater impact on the
catalytic performance of Pt components. The electronic and
geometric effects of Cu are signicant, which would actually
weaken the catalytic dehydrogenation activity of Pt. On the
other hand, Cu doping to form alloys and other surface dilution
methods could disrupt the “cluster effect” for higher loading of
Pt, especially for the Pt2.5Cu0.1/Al2O3 catalyst, which corre-
sponded to the XRD and BET results (see Fig. S1 in the ESI).†

Competitive hydrogen spillover at Pt–Cu interfaces
weakened 12H-MBT adsorption, promoting dehydrogenation
product desorption through Pt site-interfacial synergy. There-
fore, this could improve the dehydrogenation activity. Espe-
cially for the H2-TPD, TEM, XRD, and in situ infrared spectra of
the adsorption reaction of 12H-MBT on the Pt2.5Cu0.1/Al2O3
© 2025 The Author(s). Published by the Royal Society of Chemistry
catalyst, this could also be demonstrated. Keane et al. also
suggested that overow hydrogen had an important promoting
effect on the catalytic performance of Pt-like materials.41 Fig. 4d
further indicates that the 12H-MBT dehydrogenation activity
was the highest on the Pt2.5Cu0.1/Al2O3-H2 catalyst. At a reaction
time of 3 hours, the dehydrogenation rate was close to 100%
and the complete dehydrogenation rate was also relatively high.
This was higher than that of Pt2.6/Al2O3-H2 and much higher
than that of the Pt2.5Cu0.1/Al2O3-MR catalyst. Moreover,
compared with the reported literature, the reaction time was
signicantly shortened.15 In addition, the dehydrogenation rate
of the Pt2.5Cu0.1/Al2O3-MR catalyst was higher than that of the
Pt2.6/Al2O3-MR catalyst within 3 hours on account of the fact
that large metal particles are more conducive for substrate
reaction in catalyzing the 12H-MBT dehydrogenation reaction.
It was remarkable that the metal particle size of the Pt2.5Cu0.1/
Al2O3-H2 catalyst was larger than that of Pt2.6/Al2O3 and Pt2.6/
Al2O3-MR, and the Pt grains doped with Cu were highly
dispersed on the support. Meanwhile, Pt coexists with Cu and
forms alloy interactions, while the PtCux alloy further syner-
gistically catalyzes the dehydrogenation reaction by coordi-
nating with the negative C ions. Besides, the unique electronic
structure of the Pt–Cu alloy facilitated the transfer of electrons
from Pt to Cu and reduced the electron density of Pt. Thus, it
suppressed excessive dehydrogenation and hydrogenation in
the 12H-MBT cycle.

Fig. 5 shows the 12H-MBT's dehydrogenation activity data of
Pt–Cu/Al2O3 and Pt/Al2O3 catalysts with various preparation
methods and loading amounts at different temperatures.
Compared with Pt/Al2O3-H2 catalysts with the same total
RSC Adv., 2025, 15, 10700–10710 | 10705
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Fig. 5 Turnover frequency Part labels (TOF) of intermediates for the prepared Pt–Cu/Al2O3 catalyst with synergistic effect and Pt/Al2O3 catalysts
from two preparation methods and different loading amounts of Pt at different temperatures in the early stage of the reaction.
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loading, Pt–Cu/Al2O3 catalysts with high Pt loading ($2.5 wt%)
exhibited a higher 12H-MBT conversion rate, 0H-MBT yield, and
TOF value. The Pt2.5Cu0.1/Al2O3-H2 catalyst had a higher CO
adsorption capacity than the Pt2.6/Al2O3-H2 catalyst. This indi-
cated that the higher number of surface hydrogen adsorption
active sites was responsible for its high intrinsic activity (TOF
value). In addition, the intrinsic activity of the Pt2.5Cu0.1/Al2O3-
H2 catalyst (70.27 min−1) was higher than that of other catalysts.
This was due to the high dispersion on the metal surface and
the increase in the number of active sites caused by the pres-
ence of Pt–Cu alloys. In addition, the reaction temperature also
had signicant inuence on the activity. The results showed
that the higher the temperature, the higher the intrinsic activity
due to the presence of in situ hydrogen. The intrinsic activity of
this catalyst was not signicantly different at 250 °C and 260 °C.
It indicated a further room for improvement in the subsequent
dehydrogenation temperature reduction for the 12H-MBT
system. Surprisingly, pure Pt catalysts also exhibited excellent
intrinsic activity at low loading levels, providing another
approach for subsequent research.

The corresponding kinetic analysis was conducted for
unveiling the mechanism of the excellent catalytic dehydroge-
nation performance of the Pt2.5Cu0.1/Al2O3-H2 catalyst on 12H-
MBT. As shown in Fig. 6a, the dehydrogenation reaction rate
of 12H-MBT increased with the increase in temperature. The
substrate dehydrogenation rate was the fastest and the reaction
degree was the most complete at 260 °C. When the temperature
dropped to 220 °C, the nal dehydrogenation amount at 390
minutes was about one-third of the nal dehydrogenation
amount at 260 °C. This indicated that the reaction was endo-
thermic, and the increase in temperature was more conducive
to the substrate reaction. Furthermore, the viscosity of the
reaction substrate decreased with the increase in temperature.
This was benecial for better dispersion of the catalyst in the
reaction system and sufficient contact with the 12H-MBT reac-
tion substrate. It facilitated the mass transfer of hydrogen gas in
the reaction phase as well, making it easier for hydrogen gas to
overow from the reaction system. Thus, this facilitated and
accelerated the dehydrogenation reaction. Moreover, it could be
observed from the graph that the dehydrogenation amount at
250 °C aer 210 minutes of the reaction was roughly the same
as that at 260 °C.
10706 | RSC Adv., 2025, 15, 10700–10710
Thus, the Pt2.5Cu0.1/Al2O3-H2 catalyst can effectively reduce
the dehydrogenation temperature of the 12H-MBT system,
implying that the catalyst could effectively reduce the reaction
energy barrier. Meanwhile, in the initial stage of the dehydro-
genation reaction, it conformed to the apparent rst-order
reaction where the reaction rate was proportional to the rst
power of the reactant concentration. The ve straight lines
could be linearly tted from the initial reaction data of the ve
curves in Fig. 6a. The slope of the straight line corresponded to
the apparent reaction rate constant k of the substrate dehy-
drogenation reaction at different temperatures, as shown in the
tting results in Fig. 6b–f.

From the calculation based on the data in Fig. 7a, the
apparent activation energy (Ea) of the dehydrogenation reaction
of 12H-MBT is 108.6 kJ mol−1, which is relatively small and
indicated the easy occurrence of the reaction. This was in line
with the tting results of the previous reaction kinetics model as
well. This Ea value also conrmed that the catalytic reaction rate
wasmainly controlled by the catalytic conversion step instead of
the diffusion process. Fig. 7b–f shows the concentration curves
of intermediates during the dehydrogenation process of 12H-
MBT by the Pt2.5Cu0.1/Al2O3-H2 catalyst at different tempera-
tures. This further comprehended the possible dehydrogena-
tion mechanism with excellent catalytic activity and product
formation.10H-MBT, 6H-MBT, 4H-MBT, and 0H-MBT could be
detected using gas chromatography and gas chromatography-
mass spectrometry for the analyzed intermediates. It could be
noted from the graph that the concentration of the substrate
12H-MBT in the reaction at 220 °C and 230 °C showed a stable
decrease. However, the concentration of 12H-MBT at 240 °C,
250 °C, and 260 °C showed a cliff like decrease within 210
minutes.

The complete dehydrogenation product, 0H-MBT, was nearly
unobservable at low temperatures of 220–230 °C. The 0H-MBT
concentration increased with reaction time as the reaction
temperature increased to 240 °C, and the concentration
signicantly increased with time at 260 °C. This illustrated that
the conditions required for the generation of 12H-MBT were
more stringent. Regarding the 10H-MBT intermediate, with the
progress of the reaction time, the reaction basically generated
subsequent products at different reaction temperatures. Only
a small part could be detected in the prophase reaction,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hydrogen release profiles (a) and linear fitting diagram of initial dehydrogenation reaction (b–f) of 12H-MBT at different temperatures
overPt2.5Cu0.1/Al2O3-H2 catalyst.
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indicating that the macroscopic rst step of the dehydrogena-
tion reaction was easy to occur. As for the 6H-MBT intermediate,
its concentration showed the trend of rst increasing and then
decreasing with time at different temperature ranges. The
reaction was completed at the lowest temperature of 220 °C and
the highest temperature of 260 °C, indicating that its macro-
scopic second step dehydrogenation was also relatively simple.
From the changes in the intermediate 4H-MBT, it is seen that
the concentration slowly increased with time at 220 °C, and was
basically undetectable at other temperatures. This indicated
that it could not undergo dehydrogenation at low temperatures,
combined with the concentration changes of 0H-MBT. With
Fig. 7 (a) Relationship between ln k and 1/T in the initial stage of 12
Distribution of the dehydrogenation reaction product at different tempe

© 2025 The Author(s). Published by the Royal Society of Chemistry
regard to other high temperatures, the nal dehydrogenation
product was not detected. These results collectively indicated
that the last dehydrogenation step from 4H-MBT to 0H-MBT for
this continuous dehydrogenation reaction had the most strin-
gent reaction condition. The reaction was the slowest in the
entire continuous dehydrogenation process as well, indicating
that it was the rate determining step of the reaction.

Combined with the above experimental results, there was
still a possibility for reduction for further exploration of the
catalyst's effect on the dehydrogenation temperature of the
system. The current detection methods could only detect
intermediates in the dehydrogenation process of 12H-MBT, but
H-MBT dehydrogenation over the Pt2.5Cu0.1/Al2O3-H2 catalyst. (b–f)
ratures over the above catalyst.

RSC Adv., 2025, 15, 10700–10710 | 10707
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their isomeric structures could not be detected. In summary,
the dehydrogenation process of 12H-MBT under the action of
the Pt2.5Cu0.1/Al2O3-H2 catalyst is as follows: 12H-MBT / 10H-
MBT / 6H-MBT / 4H-MBT / 0H-MBT. Theoretically, the
dehydrogenation process mainly focused on one ring, and the
starting position of dehydrogenation started from the most
stable C3+. Then, the position of the dehydrogenation double
bond was located at the methylene group connected to the
methyl group, and nally formed a large p bond. This process
could be referred to other polycyclic aromatic hydrocarbon
dehydrogenation processes.42,43 In the complete dehydrogena-
tion process of 12H-MBT, the reaction energy barrier was
mainly concentrated in the R9-R12 step (counted by the number
of H atoms removed). The following three most likely reaction
paths are given and Path 1 had the lowest overall structural
energy among them, and the rate-determining step was the
release of the last two molecular H2 for a 12H-MBT, i.e., from
4H-MBT to 0H-MBT, as expressed by:
Mechanism of 12H-MBT dehydrogenation on Pt2.5Cu0.1/Al2O3-
H2 catalyst

DRIFT was adopted to study the surface adsorption and reaction
process of the Pt2.5Cu0.1/Al2O3-H2 catalyst using 12H-MBT as the
probe in order to better understand the structure–activity rela-
tionship of this catalyst. The in situ infrared spectra of the
reaction substrate molecules adsorbed on the Pt2.5Cu0.1/Al2O3-
H2 catalyst at different temperatures were compared. Also, the
changes in the adsorption active species of 12H-MBT during
dehydrogenation could determine the reaction mechanism on
the Pt2.5Cu0.1/Al2O3-H2 catalyst. In Fig. 8, the characteristic
Fig. 8 12H-MBT-DRIFT spectra of the Pt2.5Cu0.1/Al2O3-H2 catalyst ((a) 3

10708 | RSC Adv., 2025, 15, 10700–10710
peaks of the adsorbed species are highlighted by subtracting the
background from the in situ adsorption at room temperature on
the Pt2.5Cu0.1/Al2O3-H2 catalyst in N2 gas. A certain change in
the infrared spectrum was observed when the carrier gas
switched from N2 to the 12H-MBT mixture and adsorption was
saturated at 25 °C. Aer further heating, the weak characteristic
peaks at 2853 cm−1, 2928 cm−1, and 2974 cm−1 appeared
(Fig. 6a), which corresponded to the C–H2 symmetric stretching
mode, C–H2 asymmetric stretching mode, and C–H3 asym-
metric stretching mode, respectively. With the increase in
temperature, the C–H2 asymmetric stretching mode dis-
appeared, and the intensity of other characteristic vibration
mode peaks decreased. This explained that increasing temper-
ature enabled the desorption or conversion of the 12H-MBT
adsorbed species. It further conrmed that the catalyst was
equipped with preeminent catalytic dehydrogenation activity
for this reaction and the desorption energy was not too high at
this time.
As the reaction temperature increased, the peak at
2140 cm−1 was attributed to the combined frequency peak of
the C–H bending vibration and C]C symmetric stretching
vibration in the low frequency range. A signicant blue shi
occurred, indicating that the coordination adsorption and
activation of 12H-MBT on Pt and PtCux active sites were the
initial steps of the 12H-MBT dehydrogenation. The charge
transfer and activation of H–H bonds might also have an impact
on the subsequent reaction process, accompanied by further
dehydrogenation.44,45 In the low frequency range, the charac-
teristic negative stretching vibration peak attributed to C]C
600–2000 cm−1, (b) 1700–900 cm−1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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appeared around 1620 cm−1 in the spectrum from 220 °C to
260 °C and the intensity did not decrease signicantly. This
proved that the substrate underwent the dehydrogenation
reaction at this site and the dehydrogenation process was
relatively complex. It was found for the sample that at
1453 cm−1, 1421 cm−1, 1385 cm−1, and 973 cm−1 (Fig. 6b), the
former frequency corresponded to the C]C symmetric
stretching vibration on the hexagonal ring. However, the latter
three frequencies corresponded to the C–H bending vibration
on the hexagonal ring. These characteristic peaks attested that
the adsorption mode of 12H-MBT on the prepared samples was
consistent with the previously reported Pt adsorption mode,
both lying at at the sample interface.46,47

All of the above suggested that the adsorption capacity of
12H-MBT on Pt2.5Cu0.1/Al2O3-H2 was relatively strong, which did
not signicantly inhibit the dehydrogenation reaction of 12H-
MBT. Moreover, the initial step of the 12H-MBT dehydrogena-
tion was not the rate-determining step. The subsequent
consecutive elementary reactions accompanied by the contin-
uous dehydrogenation of the hexagonal ring to form the
benzene ring derivatives were the real reaction energy barriers
to be overcome. This was consistent with the experimental
results.

Conclusion

In this study, the Pt2.5Cu0.1/Al2O3-H2 catalyst with an alloy
anchored by calcination exhibited excellent bimetallic syner-
gistic catalytic activity for the 12H-MBT dehydrogenation. It was
accompanied by the rst complete reaction mechanism
proposed to break the negative correlation between catalytic
activity and selectivity. The comprehensive analyses, including
XPS and HRTEM, indicated that the unique electron transfer
alloy structure of Pt–Cu facilitated the transfer of electrons from
Pt to Cu. It resulted in the electron migration between the metal
and the support to signicantly weaken SMSI, reducing the
adsorption of aromatic products, and inducing appropriate H2

adsorption. Highly dispersed Pt components in nanoparticles
were related to the addition of Cu and the anchoring of metal
components through calcination. This reduced the aggregation
of Pt components, which facilitated the synergistic catalysis of
bimetallic components. The unique electronic structure and
spatial conguration of the synergistic catalytic mechanism
between Pt and Cu lead to a dehydrogenation process, where
the rate-determining step was the conversion from 4H-MBT to
0H-MBT.
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